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 ABSTRACT 
 Hoof diseases are a problem in many dairy herds. To 
study one aspect of the problem, genetic correlations 
between 4 hoof diseases, protein yield, clinical mastitis, 
number of inseminations, and days from calving to first 
insemination were estimated in first-parity Swedish Red 
cows using trivariate linear animal models. Occurrence 
of dermatitis, heel horn erosion, sole hemorrhage, and 
sole ulcer were reported by hoof trimmers. The data set 
contained about 314,000 animals with records on at least 
one of the traits; among these, about 64,000 animals 
had records on hoof diseases. Heritabilities were low for 
all hoof diseases (0.03 to 0.05). The hoof diseases fell 
into 2 groups: (1) dermatitis and heel horn erosion (i.e., 
diseases related to hygiene) and (2) sole hemorrhage and 
sole ulcer (i.e., diseases related to feeding). The genetic 
correlations between traits within the 2 groups were 
high (0.87 and 0.73, respectively), whereas the genetic 
correlations between traits in different groups were low 
(≤0.23). These results indicate that the 2 groups of hoof 
diseases are partly influenced by the same genes. All 
genetic correlations between hoof diseases and protein 
yield were low to moderate and unfavorable. Moderate 
and favorable genetic correlations were found between 
the feed-related hoof diseases and clinical mastitis (0.35 
and 0.32), whereas the genetic correlations between 
the hygiene-related hoof diseases and clinical mastitis 
were low and not significantly different from zero. The 
genetic correlations between the hygiene-related hoof 
diseases and number of inseminations were low to mod-
erate and favorable (0.32 and 0.22), and the genetic 
correlations between the feed-related hoof diseases and 
number of inseminations were low and not significantly 
different from zero. A moderate genetic correlation was 
found between sole ulcer and days from calving to first 
insemination (0.33), whereas the genetic correlations 
between days from calving to first insemination and 
sole hemorrhage and the hygiene-related hoof diseases 
were low and not significantly different from zero. In 
general, the 2 groups of hoof diseases showed different 
patterns of genetic correlations to the other functional 
traits, but both were unfavorably correlated to protein 
yield. A simulation study showed that inclusion of hoof 
diseases in the selection index will not only reduce the 
genetic decline in resistance to hoof diseases but also be 
favorable for other functional traits and improve overall 
genetic merit. 
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 INTRODUCTION 
 The incidence of hoof diseases is high in many dairy 
cattle populations. As an example, Sogstad et al. (2005) 
conducted a study of 2,665 cows that were trimmed 
by hoof trimmers who had been taught diagnosis and 
recording of hoof diseases. Their study showed that 
41% of the cows housed in tie-stalls and 64% of the 
cows housed in freestalls had at least one disease in 
the hind hooves. Individual hoof diseases may be more 
difficult to record than lameness but it is a more precise 
measure of hoof health. Diseases in the hooves or the 
skin directly connected to the hooves may cause up 
to 90% of cases of lameness (Peterse, 1992; Webster, 
1993). However, hoof diseases do not necessarily cause 
lameness. In the study by Sogstad et al. (2005) only 1 
and 2% of the cows housed in tie-stalls and freestalls, 
respectively, were recorded as lame in the hind limbs. 
Other studies have also found few lame cows compared 
with the number of cows suffering from hoof diseases 
(e.g., Smits et al., 1992; Manske et al., 2002). Thus, 
direct measures of hoof diseases or a combination of 
direct measures of hoof diseases and lameness are pre-
ferred if data are available. 
 The total costs of a single case of lameness are consid-
erably greater than the treatment costs alone because 
lameness may reduce milk yield (Warnick et al., 2001) 
and female fertility (Hernandez et al., 2001) and hasten 
culling (Booth et al., 2004). Kossaibati and Esslemont 
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(1997) found, for instance, that the direct costs of lame-
ness caused by a digital disease, an interdigital disease, 
and sole ulcer were £121, £76, and £152 per affected 
cow, respectively, including reduced milk yield, whereas 
the total costs were £240, £131, and £425 per affected 
cow under British conditions. The incidence can be re-
duced by improved management or by genetic selection. 
A crucial prerequisite for improving traits genetically 
is that they exhibit genetic variation. Previous studies 
have shown that this is the case for hoof diseases (e.g., 
Koenig et al., 2005; van der Waaij et al., 2005).
Both indirect selection based on correlated feet and 
leg conformation traits and direct selection based on 
veterinary treatments of feet and leg diseases are car-
ried out today in the Nordic countries, but the genetic 
correlations between the 2 types of measures are not 
taken into account (NAV, 2010). The heritabilities of 
the feet and leg conformation traits are relatively high 
compared with those of the disease traits reported by 
veterinarians. However, the majority of the genetic cor-
relations between hoof diseases and feet and leg confor-
mation traits are low to moderate (van der Waaij et al., 
2005; Uggla et al., 2008). It is, therefore, unlikely that 
selection on conformation traits has resulted in con-
siderable improvements of hoof health. Manske et al. 
(2002) found in a Swedish study that 72% of the animals 
suffered from at least one hoof disease. In comparison, 
2.1 cases of hoof diseases and 0.3 cases of laminitis were 
treated by veterinarians per 100 cows in the years 2002 
to 2003 (C. Bergsten, Swedish University of Agricultur-
al Sciences, Skara, Sweden, personal communication). 
The difference between the number of diseased animals 
and the number of treatments indicates that only the 
most severe cases are treated by veterinarians. As a 
consequence of the low frequencies, records on veteri-
nary treatments of individual hoof diseases show lower 
heritabilities on the observed scale (e.g., Laursen et 
al., 2009). Hoof diseases are also treated by hoof trim-
mers and farmers but these treatments have not been 
recorded regularly in all Nordic countries. Information 
about hoof diseases have, however, been reported by 
Swedish hoof trimmers since 2003. This screening of the 
population gives a more realistic picture of the number 
of cases.
It is important to obtain knowledge about genetic 
correlations when aiming to implement new traits in 
the breeding goal. Dairy cows with high genetic merit 
for milk production are assumed to be more predisposed 
to diseases, because they allocate body reserves to milk 
production in early lactation. This is in agreement with 
the unfavorable genetic correlations that often exist 
between functional traits (e.g., udder health and female 
fertility traits) and milk production traits (for review, 
see Rauw et al., 1998). With regard to hoof diseases, 
Koenig et al. (2005) found unfavorable genetic correla-
tions between hoof diseases and milk production in the 
range from 0.06 to 0.34. These results are consistent 
with the idea of an inexpedient allocation of resources 
to milk production traits at the expense of health and 
reproduction traits. The group of functional traits is 
more diverse than the group of milk production traits 
and therefore it may be difficult to predict the sign 
of the genetic correlations among functional traits. 
However, many studies have found favorable genetic 
correlations among functional traits (e.g., Kadarmideen 
et al., 2000). In line with these results, Koenig et al. 
(2005) found genetic correlations between hoof diseases 
and SCS in the range from 0.15 to 0.28. To the best 
of our knowledge, genetic correlations between hoof 
diseases and mastitis have never been estimated pre-
viously and genetic correlations between hoof diseases 
and female fertility have only been estimated in a single 
study (Onyiro et al., 2008). Besides their use in breed-
ing programs, estimates of genetic correlations between 
hoof diseases and other traits of economic importance 
may lead to better understanding of the side effects of 
artificial selection; for example, whether the incidences 
of hoof diseases have changed because of artificial selec-
tion.
The objective of this study was to estimate genetic 
parameters for 4 hoof diseases and their genetic cor-
relations to protein yield, 2 udder health traits, and 2 
female fertility traits in Swedish Red (SRB) cows. A 
second objective was to quantify the effect of including 
hoof diseases in a selection index on the selection dif-
ferential for the breeding goal traits.
MATERIALS AND METHODS
Data
Records on traits related to hoof health, milk produc-
tion, udder health, and female fertility in first-parity 
SRB cows were extracted from the Swedish Cattle 
Database.
Hoof trimming records from January 2003 to March 
2008 were included in the analyses. Records on der-
matitis (digital or interdigital, DE), heel horn erosion 
(HH), sole hemorrhage (sole or white line hemorrhage, 
SH), and sole ulcer (ulceration of sole or white line 
area, SU) were reported by professional hoof trim-
mers. The diseases were assessed as no case, light case, 
or severe case. The recording scheme was established 
with focus on these traits because they are the most 
common hoof diseases in Sweden. The guidelines for 
the classification of the individual hoof diseases were 
developed by the Swedish Dairy Association, and all 
hoof trimmers who volunteered to report to the cen-
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tral database were informed about these guidelines to 
obtain a uniform identification of the hoof diseases. 
Dermatitis, HH, and SH were reported per cow, and for 
each of the 3 diseases the final assessment was based 
on the hoof with the most severe case. Sole ulcer was 
reported for each hoof because the farmers utilize this 
information for individual follow-ups. We used only the 
assessment of the hoof with the most severe case by 
which SU was defined like the other traits. The hoof 
traits were defined as binary traits in this study, where 
0 indicates no case and 1 indicates a light or severe 
case. This was due to few recordings of severe cases. 
The hoof trimmers reported healthy cows (zeros for all 
4 hoof diseases) as well as diseased cows, and they could 
report more than one hoof disease per cow. Information 
about hoof trimming strategies within herds, such as 
frequency of trimming and selection of cows for trim-
ming (e.g., all cows or those previously diagnosed with 
a hoof disease), was not available. As a consequence, 
only records on the first hoof trimming after first calv-
ing were included in the analyses. For inclusion of the 
records in the analyses, hoof trimming should be done 
within 1 yr after calving, and age at first calving should 
be in the interval from 20 to 38 mo. Records without 
hoof trimmer identification were deleted. After editing, 
hoof trimming records from 63,962 cows gathered by 
217 hoof trimmers in 4,188 herds remained (Table 1). 
The mean number of days in milk at trimming was 146 
d with a standard deviation of 91 d. The distribution 
of records was slightly skewed because 53 and 85% of 
the hoof-trimmed cows were trimmed during the first 
4 and 8 mo after calving. Age at first calving was, on 
average, 28.2 mo, with a standard deviation of 3.3 mo. 
The mean number of cows per herd and year of calving 
was 8 cows, and the mean number of daughters per sire 
was 35 cows. The prevalence of DE, HH, SH, and SU 
were 6.9, 17, 25, and 4.0% at the first hoof trimming 
after first calving.
For the remaining traits, only records from first-
parity cows with hoof trimming records or first-parity 
cows with the same herd identification as those with 
hoof trimming records were merged to the hoof health 
data set. Because we wanted to include protein yield 
in all the analyses to account for the effect of selec-
tion, we had to include records on protein yield over 
an extended period. Thus, date of first calving should 
be between January 1996 and December 2006, which 
meant that all cows had the opportunity to achieve a 
complete lactation. We decided also to include records 
on the other functional traits from 1996 to 2006 because 
the additional records would reduce the standard errors 
of the genetic correlations. In this study, hoof trimming 
records from herd mates that were not hoof trimmed 
were set missing. This editing procedure applied both 
to the cows that for some unknown reasons were not 
trimmed although other cows in the herd were trimmed 
and to the cows that were second-parity cows or older 
when the hoof trimmers started to record hoof diseases. 
However, the majority of the hoof trimming records 
that were set missing belonged to the second category. 
This practice differs from the routine genetic evalua-
tion of feet and leg diseases reported by veterinarians 
in which untreated cows are assumed to be healthy. 
However, if all cows without hoof trimming records had 
been regarded as healthy in this study, the prevalence 
of the hoof diseases would have been incorrect.
Protein yield was recorded as 305-d lactation protein 
yield (PY), and both completed and extended lacta-
tions were included. Only cows with at least 45 DIM 
were kept in the data set. In addition, the extended 
lactations should be between 25 and 800 kg of protein, 
and age at first calving should be in the interval from 
20 to 38 mo.
Records on clinical mastitis (CM) originated from 
the Swedish national health recording system, where 
clinical treatments are reported by veterinarians, or 
from the record of reasons for culling reported by farm-
ers. The trait was defined as a binary trait, where 0 
indicates that the cow was not treated or culled for 
CM, and 1 indicates that the cow was either treated or 
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Table 1. Number of observations, prevalence, means, and SD for traits associated with hoof health, milk 
production, udder health, and female fertility 
Trait
Observations, 
n
Prevalence, 
% Mean SD
Dermatitis, case 63,962 6.9 — —
Heel horn erosion, case 63,962 17 — —
Sole hemorrhage, case 63,962 25 — —
Sole ulcer, case 63,962 4.0 — —
Protein yield, kg 273,994 — 262 47
Clinical mastitis, case 297,747 7.6 — —
SCS 277,664 — 0.70 0.43
Number of inseminations 238,033 — 1.8 1.07
Days from calving to first insemination 238,033 — 85 32
culled for CM. Treatments and cullings for CM were 
registered in the interval from 10 d before calving to 
150 d after calving, and the prevalence during that 
interval was 7.6%.
Somatic cell counts were registered in 10,000 cells/
mL and transformed to SCS using the common loga-
rithm with base 10. The milk samples were collected in 
the interval from 5 to 150 d after calving and finally the 
geometric mean of the samples was calculated.
The cow’s abilities to resume its normal cycle and to 
become pregnant were measured as days from calving 
to first insemination (CFI) and number of insemina-
tions (NI), respectively, although these measures are 
affected by management to some degree. Unfortunately, 
measures completely independent of management 
strategies (e.g., progesterone measurements) were not 
available. Records on CFI and NI were based on AI 
information reported by technicians or farmers. Only 
records where the interval from calving to first insemi-
nation was between 20 and 230 d were included in the 
analyses. Series of 6 or 7 inseminations were set to 5 
inseminations, and series containing more than 7 in-
seminations were not available.
The final data set contained 314,300 animals with 
a record on at least one of the traits. About 48,000 
hoof-trimmed cows had records on PY and CM, about 
46,000 hoof-trimmed cows had records on SCS, and 
about 40,000 hoof-trimmed cows had records on the 
female fertility traits.
Two subsets were formed due to computational limi-
tations. The partition was based on even and odd herd 
identification numbers and the subsets contained about 
152,000 and 162,000 animals with observations. A pedi-
gree file was traced in the Swedish Cattle Database for 
each of the 2 subsets and pruned for noninformative 
animals; that is, animals with unknown parents and 
without records that only relate to the cows in the sub-
sets through one offspring.
Statistical Analyses
The editing procedures and the models were based 
on those used in the Swedish routine genetic evalua-
tion before Finland, Sweden, and Denmark started to 
publish joint Nordic breeding values and the current 
model for hoof health (Eriksson, 2006). In this study all 
Swedish models were extended with fixed linear regres-
sions on breed proportion and degree of heterozygosity, 
and animal models were used instead of sire models.
Series of trivariate linear animal models were used, 
where y1 was a vector of PY records, and y2 and y3 
were vectors of records on hoof health (DE, HH, SH, 
SU), udder health (CM, SCS), or female fertility traits 
(NI, CFI). Protein yield was included in all analyses to 
account for the effect of selection. The model was as 
follows:
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where X1, X2, and X3 were design matrices relating 
fixed effects in b1, b2, and b3 to y1, y2, and y3.
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where hy was the effect of herd and year of calving, and 
ymc was the effect of year and month of calving (year 
of calving started July 1 one year and ended June 30 
the following year). Furthermore, alt was the effect of 
age at calving in months within 5-year periods, mc was 
the effect of month of calving, age was the effect of age 
at calving in months, and ls was the effect of lactation 
stage in months; bdo was a regression on days open, 
and bbp and bhet were vectors of regressions on breed 
proportion and degree of heterozygosity.
The random effects of animal were included in a1, 
a2, and a3, where the design matrices Z1, Z2, and Z3 
relate records to the animal effects. To take account of 
potential differences between hoof trimmers, random 
effects of hoof trimmer were included in h2 and h3, 
where the design matrices H2 and H3 relate records to 
the hoof trimmer effects. Matrices H2 and H3 are zeros 
except for the hoof health traits. The random residuals 
were e1, e2, and e3. The covariance structures for the 
random effects were
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with each element defined as σai
2  = additive genetic 
variance of direct effects for trait i, and σa ai j,  = addi-
tive genetic covariance between direct effects for trait i 
and trait j. A is the additive relationship matrix,
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with each element defined as σhi
2  = variance due to 
hoof trimmer effects for trait i, and σh hi j,  = covariance 
between hoof trimmer effects for trait i and trait j. I is 
the identity matrix of proper order,
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with each element defined as σei
2  = residual variance 
for trait i, and σe ei j,  = residual covariance between 
trait i and trait j. I is the identity matrix of proper 
order.
Fixed linear regressions on breed proportion and de-
gree of heterozygosity were included in the models to take 
imported genetic material into account. Breed propor-
tions were extracted from the Swedish Cattle Database 
for each of the animals, and degree of heterozygosity 
was calculated for each cow with data; bbp included the 
proportions of Canadian Ayrshire, Danish Red, Finn-
ish Ayrshire, Norwegian Red, SRB, and other genes, 
and bhet included the degrees of heterozygosity for all 
pairwise combinations of the breeds mentioned above.
Twenty-two analyses were performed on each of the 2 
subsets, and data were analyzed by means of the DMU 
package (Madsen and Jensen, 2008). The average of the 
estimates obtained from the 2 subsets was calculated 
and asymptotic standard errors of the parameters were 
computed under the assumption that estimates from 
different subsets are independent.
The heritability estimates on the observed scale 
(hobs
2 ) were transformed to the underlying continuous 
scale (hund
2 ) using the following formula (Dempster and 
Lerner, 1950):
 h
p p
hund obs
2
2
21= − ×( ) ,
ϕ
 
where p was the incidence of disease and ϕ  was the 
value of a standard normal density function at the 
threshold that divides the probability mass to propor-
tions p and 1 − p.
Estimation of Partial Genetic Correlations
Estimating the partial genetic correlation between 2 
hoof diseases when the other 7 traits were held constant 
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provided the opportunity to examine if the genetic cor-
relation was direct or mediated through the correla-
tions to the other traits. The partial genetic correlation 
matrix G* can be calculated as follows (Whittaker, 
1990):
 G DC D1* ( ),= − × −1  
where D was a diagonal matrix in which each diago-
nal element was 1 divided by the square root of the 
corresponding diagonal element in the inverse genetic 
correlation matrix, C−1.
The number of effective animals, n, that contributed 
to the estimation of the genetic correlation between 2 
hoof diseases was calculated using the following formula 
(Sokal and Rohlf, 1995):
 n
r
SE
g= − +1 2
2
2
,  
where rg was the genetic correlation between 2 hoof 
diseases found in the first part of this study, and SE 
was the asymptotic standard error of the genetic cor-
relation. For the 6 genetic correlations n ranged from 
64 to 107.
We tested if the partial genetic correlations were sig-
nificantly different from zero by means of the t-statistic 
shown below (Sokal and Rohlf, 1995):
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*
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2
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where rg
*  was the partial genetic correlation between 2 
hoof diseases and m was the number of traits kept con-
stant (7 in this particular case). The number of effective 
animals, n, used was the smallest value calculated on 
the basis of the 6 genetic correlations between hoof 
diseases; that is, 64.
Estimation of Accuracies of Selection  
and Selection Differentials
Selection Index Program (SIP, Wagenaar et al., 1995) 
was used to calculate selection differentials and accura-
cies of selection (i.e., correlations between a selection 
index and the aggregate genotype) under a simplified, 
Nordic-like dairy cattle situation. The heritabilities of 
the 4 hoof diseases found in the first part of this study 
were used as input to the program along with the ge-
netic and phenotypic correlations between hoof diseases 
and traits related to milk production, udder health, and 
female fertility. The data set in this study contained 
only information from a part of the Swedish population 
of genetically evaluated first-parity SRB cows. For that 
reason, we decided to use the genetic and phenotypic 
parameters for PY, CM, SCS, NI, and CFI, which were 
based on information from all first-parity SRB cows 
genetically evaluated during the period from 1996 to 
2006 (Buch et al., 2010). None of the heritabilities were 
transformed to the underlying continuous scale. The 
symmetric genetic and phenotypic correlation matrices 
were both positive definite.
The simulated breeding goal contained the traits DE, 
HH, SH, SU, PY, CM, NI, and CFI. These traits rep-
resent the 4 sub-indices hoof health, milk production, 
udder health, and female fertility and were chosen be-
cause they have relatively high economic values among 
the traits in the joint Nordic breeding goal. Somatic cell 
score was not included in the simulated breeding goal 
because the trait is an indicator trait without economic 
value in the Nordic breeding goal. The economic value 
of the simulated trait group hoof health was based on 
the economic value of feet and legs in the current sub-
index resistance against diseases other than mastitis 
in the Nordic breeding goal (Pedersen et al., 2008). 
The economic value of the sub-index in Euros (€) per 
index unit was attached to the individual breeding goal 
traits in this study by converting the economic value 
into Euros per case of the individual, simulated hoof 
diseases (Table 2). The conversion was made by means 
of the genetic and phenotypic parameters found in this 
study. The relative ratio of economic values for DE, 
HH, SH, and SU within the simulated trait group hoof 
health was 0.1, 0.2, 0.2, and 0.5. This relative ratio is 
used in the current Swedish sub-index hoof health. The 
economic values of the simulated trait groups milk pro-
duction, udder health, and female fertility were based 
on the current economic values in the Nordic breeding 
goal as described in the study by Buch et al. (2010).
Three scenarios were developed to study the effect 
of different selection indices. In scenario I, PY was the 
only trait in the selection index. The purpose of this 
scenario was to study whether the selection differential 
for resistance to the 4 hoof diseases would be unfavor-
able if a narrow selection index was used. In scenario 
II, the selection index contained the traits PY, CM, 
SCS, NI, and CFI, and all genetic and phenotypic cor-
relations between the 5 index traits were used. The 
purpose of scenario II was to study the effect of a broad 
selection index without hoof diseases on the selection 
differential for resistance to hoof diseases. In scenario 
III, the selection index contained the same traits as 
the breeding goal and also SCS. In addition, all genetic 
and phenotypic correlations between the 9 index traits 
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were used. The purpose of this scenario was to study 
the effect of a broad selection index containing hoof 
diseases on the selection differential for resistance to 
the 4 hoof diseases. In other words, the breeding goal 
contained the same traits in all scenarios, and all ge-
netic and phenotypic correlations between the breeding 
goal traits were used. The selection index differed from 
one scenario to another with regard to number of traits 
and the number of genetic and phenotypic correlations 
between the index traits.
The selection differentials and the accuracies of selec-
tion were calculated for a proven bull. The bull was 
assumed to have 150 daughters with records, a dam 
with records on PY and SCS, and a sire with 1,000 
daughters. It was assumed that no genotype by envi-
ronment interactions existed and that the animals did 
not share a common environment.
RESULTS
Heritabilities and Correlations Among Hoof Diseases
The heritabilities for the 4 hoof diseases were low 
and ranged from 0.03 to 0.05 on the observed scale 
(Table 3). The heritabilities increased when they were 
corrected for incidence of disease and the ranking order 
among them changed. The genetic correlations between 
DE and HH and between SH and SU were high, whereas 
the remaining genetic correlations among the hoof dis-
eases were low and most were not significantly different 
from zero. The residual correlations among the hoof 
diseases were low and ranged from 0.01 to 0.14.
Correlations Between Hoof Diseases and Protein 
Yield, Udder Health, and Female Fertility Traits
The genetic correlations between the 4 hoof diseases 
and PY were positive and ranged from 0.07 to 0.24 
(Table 4). The genetic correlations between CM and DE 
and HH were low and not significantly different from 
zero, whereas the genetic correlations between CM and 
SH and SU were moderate and positive. The genetic 
correlations between NI and DE and HH were low to 
moderate whereas the genetic correlations between CFI 
and DE and HH were low and not significantly differ-
ent from zero. The associations between SU and the 
female fertility traits showed a different pattern as the 
genetic correlation between NI and SU was low and not 
significantly different from zero and the genetic correla-
tion between CFI and SU was moderate. Most residual 
correlations were very low, especially the correlations 
between the functional traits (results not shown).
Partial Genetic Correlations Among Hoof Diseases
The partial genetic correlation between 2 traits was 
obtained by conditioning on the other 7 traits in this 
study. Except for the partial genetic correlation between 
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Table 2. Economic values for the simulated breeding goal traits in Euros per unit 
Trait group1 Trait € per unit
Hoof health Dermatitis, case −8.58
Hoof health Heel horn erosion, case −12.48
Hoof health Sole hemorrhage, case −10.56
Hoof health Sole ulcer, case −54.18
Milk production Protein yield, kg 4.29
Udder health Clinical mastitis, case −1,088
Female fertility Number of inseminations −107
Female fertility Days from calving to first insemination −2.19
1The values are based on the economic values per index unit in the Nordic breeding goal (Pedersen et al., 2008) 
and converted into €/unit by means of the genetic and phenotypic parameters found in this study (hoof health 
group) and the study of Buch et al. (2010) (all other trait groups).
Table 3. Heritabilities on the observed scale ( hobs
2 ) and the underlying scale ( hund
2 ) and genetic (above the 
diagonal) and residual (below the diagonal) correlations for dermatitis (DE), heel horn erosion (HH), sole 
hemorrhage (SH), and sole ulcer (SU) with standard errors in parentheses 
Trait hobs
2 hund
2 DE HH SH SU
DE 0.03* (0.006) 0.13  0.87* (0.053) −0.04 (0.115) −0.19 (0.125)
HH 0.03* (0.005) 0.07 0.14* (0.005)  0.23* (0.109) 0.13 (0.124)
SH 0.05* (0.007) 0.09 0.03* (0.006) 0.08* (0.006)  0.73* (0.066)
SU 0.03* (0.006) 0.17 0.01 (0.005) 0.07* (0.005) 0.04* (0.006)  
*The estimate was significantly different from zero, P < 0.05, using a t-test.
SH and SU, all partial genetic correlations were sig-
nificantly different from zero and most were favorable 
(Table 5). The former indicates that the correlations 
among the 4 hoof diseases were not exclusively medi-
ated through the correlations to the other traits.
Accuracies of Selection and Selection Differentials
The accuracy of selection ranged from 0.83 in scenario 
I to 0.92 in scenario III (Table 6). The genetic superior-
ity of PY was largest in scenario I and smallest in sce-
nario III. On the contrary, the selection differential for 
all functional traits, with the exception of DE and HH, 
was least favorable in scenario I and most favorable in 
scenario III. The selection differentials in scenario II 
were more like the selection differentials in scenario III 
than the selection differentials in scenario I.
DISCUSSION
Genetic Correlations
Our results indicate that the hoof diseases under 
study fall into 2 groups, which we call hygiene-related 
and feed-related hoof diseases. The first group contains 
DE and HH and the second group contains SH and SU 
because the genetic correlations among traits within 
the 2 groups were high and the genetic correlations 
between traits in different groups were low. This divi-
sion is in line with other characteristics of the diseases 
because DE and HH are infectious diseases, and bacte-
rial and chemical actions of the environment are con-
sidered to be predisposing factors. The diseases are to 
a great extent related to hygiene because wet slurry on 
the floor surface of passageways softens and probably 
erodes the hoofs. This predisposes to wear on the horn 
and decreased resistance against bacteria (Webster, 
1993). Peterse (1992) suggests, moreover, that derma-
titis can predispose to or cause heel horn erosion. Sole 
hemorrhage and SU have a multifactorial etiology but 
improper nutrition causing low ruminal pH, hard and 
rough floor surfaces, or insufficient hoof trimming are 
considered to be predisposing factors (Webster, 1993). 
Peterse (1992) notes, in addition, that hemorrhages and 
ulcers caused by improper nutrition can be regarded 
as clinical signs of mild and severe cases of laminitis, 
respectively. Thus, SU is a progression of SH.
The high genetic correlations among the hygiene-
related and the feed-related hoof diseases and the low 
genetic correlations between traits in different groups 
were in agreement with the findings by van der Waaij 
et al. (2005). On the contrary, Koenig et al. (2005) 
found a moderate positive genetic correlation between 
digital dermatitis and sole ulcer (0.56). Even so, the 
results indicate only partial overlap between the genetic 
components behind the hygiene-related and the feed-
related hoof diseases.
The division of the hoof diseases into groups is also 
supported by the patterns of prevalence over the lacta-
tion period because the cows tended to be diagnosed 
with DE and HH through the entire lactation period, 
whereas the proportion of hoof-trimmed cows diagnosed 
with SH and SU was larger in the first part of the 
lactation. The former seems reasonable as the disease-
causing bacteria can exist all year round, and the latter 
may be caused by the rapid change from a prepartum 
diet low in energy to a postpartum diet high in en-
ergy that most dairy cows experience. Thus, improper 
nutrition containing high levels of rapidly fermented 
carbohydrates could be an important predisposing fac-
tor in this case.
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Table 4. Genetic correlations among traits related to hoof health, milk production, udder health, and female 
fertility with standard errors in parentheses1 
Trait PY CM SCS NI CFI
DE 0.07 (0.068) 0.00 (0.112) 0.02 (0.082) 0.32* (0.106) 0.01 (0.102)
HH 0.24* (0.066) −0.05 (0.110) −0.01 (0.081) 0.22* (0.112) −0.04 (0.102)
SH 0.11* (0.056) 0.35* (0.097) 0.11 (0.069) −0.10 (0.103) 0.10 (0.091)
SU 0.20* (0.068) 0.32* (0.109) 0.14 (0.082) −0.04 (0.114) 0.33* (0.096)
1DE = dermatitis, HH = heel horn erosion, SH = sole hemorrhage, SU = sole ulcer, PY = protein yield, CM 
= clinical mastitis, SCS = somatic cell score, NI = number of inseminations, CFI = days from calving to first 
insemination.
*The estimate was significantly different from zero, P < 0.05.
Table 5. Partial genetic correlations between pairs of hoof diseases 
conditioned on all possible pairs of the other 7 traits included in this 
study 
Trait
Heel horn  
erosion
Sole  
hemorrhage
Sole  
ulcer
Dermatitis 0.98* −0.42* −0.70*
Heel horn erosion  0.46* 0.67*
Sole hemorrhage   0.18
*The estimate was significantly different from zero, P < 0.05, using 
a t-test.
The unfavorable genetic correlations between the 4 
hoof diseases and PY suggest that cows with high ge-
netic merit for milk production are more predisposed to 
hoof diseases than cows with low genetic merit for milk 
production. Koenig et al. (2005) also found unfavorable 
genetic correlations between milk yield and digital der-
matitis and sole ulcer (0.24 and 0.06). However, stan-
dard errors of these estimates were substantial (0.15 
and 0.12). Onyiro et al. (2008) estimated approximate 
genetic correlations between digital dermatitis and milk 
yield and fat yield on the basis of correlations between 
sire EBV adjusted for their reliabilities. Contrary to 
our study, Onyiro et al. (2008) found negative relation-
ships (−0.31 and −0.43) indicating that daughters of 
sires with high genetic merit for milk yield and fat yield 
are less predisposed to digital dermatitis.
Our results showed that the feed-related hoof diseases 
are genetically correlated to CM. The reason may be 
that improper feeding containing high levels of concen-
trates causes a decrease in the pH value of the rumen 
and possibly ruminal acidosis. The latter can provoke 
an abrupt release of toxic agents, such as lactic acid, 
endotoxins, and histamines, into the peripheral blood. 
These toxic agents cause the changes in the hooves that 
are collectively referred to as laminitis. The aftermath 
becomes visible in the sole after approximately 8 wk as 
hemorrhages or ulcers (Peterse, 1992; Webster, 1993). 
Laminitis can also be caused by a generalized toxemia 
deriving from severe inflammations such as mastitis or 
metritis, although it is a much rarer cause of lamini-
tis compared with improper feeding (Webster, 1993). 
Thus, the genetic correlations between CM and SH and 
SU may be explained by the genetic capacity of the 
cows to degrade endotoxins.
One possible explanation for the genetic correlation 
between SU and CFI is that exposure to bacterial 
endotoxins during the proestrous phase affects repro-
ductive function in cattle negatively as it can delay 
the LH surge and the subsequent ovulation (Suzuki et 
al., 2001). Thus, the cows’ genetic capacity to degrade 
endotoxins may explain the genetic correlation between 
SU and CFI if the progressions of SH and SU are linked 
to the release of endotoxins from cows suffering low 
ruminal pH values and acidosis.
The genetic correlations between NI and DE and 
HH were moderate and favorable in this study. On the 
contrary, Onyiro et al. (2008) found low and moderate 
approximate genetic correlations between digital der-
matitis and calving interval and nonreturn rate after 
56 d (−0.07 and 0.48). The latter indicates an associa-
tion (but not necessarily a causal connection) between 
digital dermatitis and greater conception rates (Onyiro 
et al., 2008).
Partial Genetic Correlations
The partial genetic correlation between DE and HH 
was higher than the genetic correlation between these 
traits (0.98 vs. 0.87). This implies that the other 7 
traits are so-called suppressor variables, meaning that 
the contributions from the other traits to the corre-
lation are blurring a strong, unmediated relationship. 
According to this finding, DE and HH are influenced 
by all but the same genes when the other traits were 
held constant. The partial genetic correlations between 
DE and SH and SU were lower than the genetic correla-
tions between these traits. When the other 7 traits were 
held constant, DE and SH were influenced by relatively 
more genes that affected DE in one direction and SH in 
the opposite direction. The same holds true of DE and 
SU. The partial genetic correlations between HH and 
SH and SU were higher than the genetic correlations 
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Table 6. Correlations between selection index and aggregate genotype (rI,A) and selection differentials for the 
breeding goal traits in Euros at a selection intensity of 1 for scenarios I, II, and III 
Item
Scenario1
I II III
rI,A 0.83 0.91 0.92
Selection differential for:
 dermatitis −0.0268 −0.0175 −0.0182
 heel horn erosion −0.167 −0.179 −0.169
 sole hemorrhage −0.0993 −0.0403 0.0264
 sole ulcer −0.352 −0.167 −0.0606
 protein yield 84.0 75.9 75.4
 clinical mastitis −13.1 −3.04 −2.32
 number of inseminations −6.67 −5.71 −5.69
 days from calving to first insemination −3.52 −0.966 −0.890
1I: the selection index contained only protein yield; II: the selection index contained protein yield, clinical 
mastitis, SCS, number of inseminations, and days from calving to first insemination; III: the selection index 
contained dermatitis, heel horn erosion, sole hemorrhage, sole ulcer, protein yield, clinical mastitis, SCS, num-
ber of inseminations, and days from calving to first insemination.
between these traits. That is to say, the animals seemed 
to have genetic predispositions for both HH and SH 
that are independent of the other 7 traits. The same 
is true for HH and SU. The partial genetic correlation 
between SH and SU was lower than the genetic correla-
tion between these traits (0.18 vs. 0.73). This result 
implies that the number of genes influencing both SH 
and SU is relatively smaller when the other traits were 
held constant.
Theoretically, threshold models are more appropriate 
to use for the analyses of ordered categorical traits with 
low heritability and low incidence (Mrode, 2005). That 
is to say, threshold models may have outperformed the 
linear models we decided to use for the analyses of the 4 
hoof diseases, CM, and NI in this study. Mäntysaari et 
al. (1991) compared the efficiency of a threshold model 
with the efficiency of a linear model in a multi-trait 
situation with 2 binary traits. They found that the 2 
models performed equally well with regard to the esti-
mates of the genetic correlation. The estimates of the 
heritabilities and the residual correlation were underes-
timated and depended on the incidence when a linear 
model was used (Mäntysaari et al., 1991). However, it 
was possible to correct for the downward bias in the 
heritability estimates by transforming the estimates to 
the underlying continuous scale using a formula from 
Dempster and Lerner (1950). When a threshold model 
was used and the incidence was low (5%), the estimates 
of the residual correlation were also biased although 
not as much as the linear model estimates (Mäntysaari 
et al., 1991). As the genetic correlations were consid-
ered to be more important than the heritabilities and 
the residual correlations, and the prevalence of most 
of the diseases was low, we decided to analyze the cat-
egorical traits by means of linear models. Furthermore, 
linear models are applied in the joint Nordic genetic 
evaluation of dairy cattle, and we wanted to mimic this 
situation.
Heritabilities
The low heritability estimates in this study may 
be explained by the relatively few cases of hoof dis-
eases and the application of linear models as mentioned 
above. Another reason may be the large influence of 
environmental factors such as hygiene level, number 
of disease-causing bacteria, and feed composition. The 
heritabilities from other recent studies were transformed 
to the underlying continuous scale by means of the for-
mula from Dempster and Lerner (1950) to compare the 
estimates directly (Table 7). The transformed heritabil-
ity estimates for various forms of dermatitis and heel 
horn erosion ranged from 0.03 to 0.20 in other recent 
studies and the transformed heritability estimates 
for DE and HH in this study were within that range. 
However, direct comparisons of the various findings are 
difficult because trait definitions differ between studies. 
In addition, differences may exist between breeds. The 
heritability estimate for SH was lower than the esti-
mate found by van der Waaij et al. (2005) even if the 
estimates were corrected for incidence of disease. The 
transformed heritability estimate for SU was higher 
than the estimates on the underlying continuous scale 
from Koenig et al. (2005) and van der Waaij et al. 
(2005).
Prevalence
Almost 40% of the cows suffered from at least one 
hoof disease at the first hoof trimming after first calv-
ing. This figure is considerably lower than the preva-
lence found by Sogstad et al. (2005) and van der Waaij 
et al. (2005). As in this study, each cow was recorded 
once during the time periods of their studies. However, 
their analyses were based on hoof trimming records 
from different lactations (Sogstad et al., 2005; van der 
Waaij et al., 2005).
Thirteen percent of the hoof-trimmed cows were 
trimmed during the first month after calving. It is 
likely that hoof lesions of metabolic origin would not 
yet be visible as hemorrhages and ulcers in the sole or 
wall at that time. This may have affected the data and 
the interpretations of the results. In spite of this, the 
cows tended to be diagnosed with SH and SU in the 
first part of the lactation.
Effect of Hoof Trimming Records on Accuracy  
of Selection and Selection Differentials
The inclusion of hoof trimming records in the se-
lection index increased accuracy of selection over the 
scenarios without hoof trimming records. However, the 
disparities between the results of scenarios II and III 
were smaller than the disparities between the results of 
scenarios I and II. The reason may be that the herita-
bilities of the hoof diseases are low, the genetic correla-
tions between the hoof diseases and the other traits are 
low to moderate, and the economic value of the trait 
group hoof health is low compared with the economic 
values of the other trait groups.
The inclusion of hoof diseases in the selection index 
reduced not only the genetic decline in most hoof dis-
eases but also the genetic decline in CM, NI, and CFI. 
The reason may be that all genetic correlations between 
the functional traits and protein yield were unfavorable 
and most genetic correlations among the functional 
traits were favorable. However, the genetic deteriora-
tion of DE was worsened slightly from −0.0175 € to 
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−0.0182 € when information about the hoof diseases 
was included in the selection index. Moreover, when 
information about CM, SCS, NI, and CFI was included 
in the selection index, the genetic deterioration of HH 
worsened slightly from −0.167 € to −0.179 €. One ex-
planation may be that the genetic correlations between 
the hygiene-related hoof diseases and the traits related 
to udder health are low and 2 are slightly negative. 
In addition, the economic value of the trait group ud-
der health is large compared with the trait group hoof 
health.
Koenig et al. (2005) showed, in a simulation study 
where SU was the only trait in the aggregate genotype, 
that the accuracy of a hoof health index containing 
records on foot angle was improved from 0.239 to 0.731 
when records on SU were added to the index. We found 
in this study that the genetic deterioration of the trait 
group hoof health was reduced from −0.404 to −0.221 
when hoof trimming records on DE, HH, SH, and SU 
were added to the selection index.
The simulation results showed a genetic decline in 
hoof health even though hoof trimming records were in-
cluded in the selection index. This is a function of both 
the genetic parameters and the economic values of hoof 
health and the other functional traits. The economic 
value of hoof health in this study was based on the 
economic value of feet and legs in the current sub-index 
resistance against diseases other than mastitis in the 
Nordic breeding goal. The prerequisites for the eco-
nomic value of feet and legs (e.g., the phenotypic levels 
of the diseases) were based on records of veterinary 
treatments of feet and leg diseases and may differ from 
prerequisites based on hoof trimming records. Thus, to 
succeed with selection for improved hoof health it is 
advisable to update the economic value of hoof health. 
Another explanation for the genetic decline in hoof 
health may be that the simulated breeding goal con-
tained fewer functional traits than the Nordic breeding 
goal. It is likely that the favorable genetic correlations 
that often exist among functional traits will assist in 
selection for improved hoof health.
The economic values in the simulated breeding goal 
were based on the current economic values per index 
unit in the Nordic breeding goal and subsequently 
converted into Euros per unit by means of the genetic 
and phenotypic parameters found in this study and the 
study by Buch et al. (2010). Some of the heritabilities 
for the udder health and the female fertility traits used 
in this study are lower than the heritabilities used by 
Nordic Cattle Genetic Evaluation (NAV, 2010). For 
that reason, the relative ratios between the economic 
values differ from the relative ratios between the eco-
nomic values in the Nordic breeding goal. Also, as a 
consequence of the lower heritabilities, and therefore 
lower reliabilities, the selection index is less balanced 
and more based on improving milk production than the 
Nordic total merit index. Thus, the effect of including 
hoof trimming records on the accuracy of the selection 
index may be an underestimate compared with the ef-
fect that could be obtained by Nordic Cattle Genetic 
Evaluation.
CONCLUSIONS
The results of this study indicated that the hygiene-
related hoof diseases on the one hand and the feed-
related hoof diseases on the other hand are only partly 
influenced by the same genes. The 2 groups of hoof dis-
eases showed different patterns of genetic correlations 
to udder health and female fertility, but both groups 
were unfavorably correlated to milk production. The 
results of the simulation study indicated that inclusion 
of hoof diseases in the selection index will not only 
reduce the genetic decline in resistance to hoof diseases 
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Table 7. Heritability estimates (h2) for hoof diseases achieved in other recent studies of Holstein dairy cattle with standard errors of the 
estimates (SE) in parentheses and heritability estimates transformed to the underlying continuous scale ( hund
2 ) 
Reference Model1
Cows,  
n Trait2
Incidence,  
%
h2  
(SE)
hund
2 3
Koenig et al., 2005 Linear logistic AM 5,634 DD and HH 13.2 0.073 (0.009)  
  SU 16.1 0.086 (0.006)  
      
Onyiro et al., 2008 Linear AM 93,391 DD 12.1 0.011 (0.003) 0.03
      
van der Waaij et al., 2005 Linear SM 21,611 DD 21.7 0.10 (0.02) 0.20
  ID and HH 38.7 0.05 (0.01) 0.08
  SH 39.9 0.08 (0.02) 0.13
  SU 5.4 0.01 (0.01) 0.04
1AM = animal model; SM = sire model.
2DD = digital dermatitis, HH = heel horn erosion, SU = sole ulcer, ID = interdigital dermatitis, SH = sole hemorrhage.
3The linear model estimates were transformed by means of the formula from Dempster and Lerner (1950).
but also be favorable for other functional traits and 
improve overall genetic merit.
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